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(57) ABSTRACT 

Heterologous polypeptides are produced in lactococcus 
using a T7 or T7-like RNA polymerase gene under the 
control of an inducible promoter effective in a lactococcus 
host, and a promoter speci?c for said polymerase upstream 
of a coding sequence for the heterologous polypeptide. 
Thus, the promoter speci?c for the polymerase directs 
transcription of the coding sequence selectively as a result of 
expression of the polymerase. The heterologous polypeptide 
can be produced at high yield, and can be secreted. The 
polypeptide within the cell, being biologically active, can be 
delivered in the encapsulated form, eg as a medicament, 
vaccine or as an environmental pesticide. 

2 Claims, 17 Drawing Sheets 
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HETEROLOGOUS GENE EXPRESSION IN 
LACTOCOCCUS, AND THE EXPRESSION 

PRODUCTS THEREFROM 

FIELD OF THE INVENTION 

This invention relates to the expression of heterologous 
proteins in lactic acid bacteria, and to their use in producing 
an immune response in an immunised subject. The invention 
also provides certain speci?c expression products of con 
siderable potential usefulness. 

BACKGROUND OF THE INVENTION 

Bacteria able to produce and secrete proteins encoded by 
heterologous genes are used extensively for the industrial 
production of high value-added pharmaceutical proteins 
such as human and animal groWth hormones, insulin, 
interferons, cytokines etc. Organisms other than E. coli thus 
far used or proposed for industrial production include cul 
tured mammalian and insect cells, yeasts and fungi, and a 
number of Bacillus spp. Among the bacteria already Widely 
used for industrial purposes are the lactic acid bacteria, 
Which are employed as starter cultures for fermented food 
stuffs, and as ?avour enhancers, and preservatives. These 
properties depend on the ability of these organisms to 
produce certain enZymes, lactic acid and harmless antimi 
crobial polypeptides such as nisin. To date only loW yields 
of foreign proteins have been obtained by the genetic 
manipulation of these organisms, and in some instances gene 
expression has depended on the use of unregulated genes, or 
of unde?ned control elements. Lactic acid bacteria Which are 
related to those used in food and milk fermentations are also 
found as commensal bacteria in the alimentary tracts of 
animals. There is considerable industrial interest in the 
genetic manipulation of both the food and the commensal 
bacteria. For example, recombinant strains of these bacteria 
could be used to improve fermentation processes, and as 
novel vectors for multi-disease vaccines. 

In contrast to a Gram-negative organism such as E. coli 
Gram-positive bacteria such as the lactic acid bacteria and 
Bacillus spp. have the capacity to secrete proteins more 
readily into the groWth medium. HoWever, the active pro 
tease systems of the best knoWn bacillus species, B. subtilis, 
have greatly limited the usefulness of this organism for the 
production of recombinant proteins. Protein secretion in 
Gram-positive cells differs fundamentally from that 
observed in Gram-negative cells, Where it is a complex tWo 
stage process in Which true secretion (as opposed to protein 
accumulation in the periplasmic space) requires that 
exported proteins should traverse both the cell membrane 
and the outer membrane. Thus, although large amounts of 
recombinant proteins can be produced in E. coli many of 
these proteins become insoluble and inactive, and either 
accumulate Within the cytoplasm, or are secreted as far as 
the periplasm, Where they may precipitate, and lose their 
biological activities. For many such recombinant proteins 
renaturation procedures for the recovery of biological activ 
ity are an expensive and dif?cult aspect of doWnstream 
processing. For these reasons the use of naturally secretory 
organisms for protein production may be highly advanta 
geous. 
As a separate aspect of the development of bacterial 

technologies, recombinant vaccine strains of certain patho 
genic bacteria (mycobacteria, salmonella) have been pro 
posed for the production and delivery in vivo of protective 
protein antigens of a range of disease-causing bacteria, 
viruses, and protoZoan and metaZoan parasites. However, 
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2 
even attenuated vaccine strains of pathogenic bacteria are to 
some degree invasive, and the immune responses generated 
by these organisms may result in immunopathological dam 
age. Development of non-invasive microbes in forms suit 
able for effective antigen-presentation to the immune system 
Would provide previously unattainable levels of vaccine 
safety. In particular, if given by the oral route, such organ 
isms might stimulate the mucosal immune system 
preferentially, thus providing a basis for the development of 
live, oral vaccines Which Would protect against infection. 
Alternatively or additionally these vaccines might be given 
by injection, or administered orally or by injection to boost 
immune responses primed With recombinant mycobacteria 
or salmonella; in this instance the innate differences betWeen 
the antigenic constituents of the priming vaccine carrier and 
those of the booster could be expected to minimise immu 
nopathological damage, and to boost immune responses to 
the expressed recombinant antigens preferentially. 
Furthermore, the capacity to express a range of foreign 
proteins in non-invasive microorganisms opens the Way to 
the concurrent delivery of antigens and cytokines, Which 
might be used to drive an immune response in a desired 
direction. The successful development of all these applica 
tions requires that a regulated system for high level foreign 
gene expression should be available for use in lactic acid 
bacteria. 

Although there are several reports of the expression of 
foreign genes in L. lactis none of these describes either a 
regulated system, or the production of substantial quantities 
of protein. In tWo of these cases antibiotic resistance genes 
Were used as reporter genes to identify secretion signal 
sequences and/or promoter sequences1>2. The other ?ve 
cases comprise tWo proteins of eukaryotic origin and three 
prokaryotic proteins of Gram-positive origin. The eukary 
otic proteins concerned are hen egg White lysoZyme and 
bovine prochymosin. The prokaryotic proteins are Bacillus 
subtilis neutral protease, the [3-galactosidase of Clostridium 
acetobutyicum and the pAC protein antigen of Streptococcus 
mutans. The results obtained With these latter three proteins 
provide the best comparison With our oWn Work, since We 
have also used as a model system one Which involves the 
expression of a protein of Gram-positive origin (the tetanus 
toxin fragment C). HoWever, our oWn results are unique, in 
that We have devised a system of regulated gene expression 
and product secretion, and also obtained signi?cant yields of 
the expressed protein product, Whether secreted or not. The 
previous studies have resulted in only loW and (With one 
exception) undetermined amounts of foreign protein being 
formed, Whereas the system We have developed has reliably 
yielded 3.4% of soluble cytoplasmic protein as the desired 
product With a secretory expression system, and 22% of 
soluble cytoplasmic protein With a non-secretory expression 
system. In addition, With the secretory system, product is 
secreted into the supernatant in a progressive fashion, reach 
ing an estimated ?nal yield (under test-tube conditions) of 
5—10 mg/L. 

In the studies cited above hen egg White lysoZyme3 Was 
expressed as a fusion protein Which either lacked activity or 
Was produced in too loW an amount to be detected in the 
assay used. Biologically active Bacillus subtilis neutral 
protease4 Was expressed and secreted from L. lactis using 
either its oWn promoter or a lactococcal promoter. The 
amounts of neutral protease produced (in arbitrary units) 
Were reported to be only 1—2% of those produced by the 
same plasmid constructs in Bacillus subtilis4. The 
[3-galactosidase from C lostria'ium acetobutylicum5 Was 
introduced into a lactococcal starter train, and enZyme 
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activity detected. However, the maximum level of enZyme 
activity obtained Was less than half of that measured in a 
Wild type strain of L. lactis With innate [3-galactosidase 
activity. In all these instances no details are given of actual 
amounts of expressed protein present in the transformants. 
Expression of the bovine prochymosin6 gene in L. lactis has 
also been reported. Chymosin is an enZyme Which is nor 
mally formed in the abomasum of young calves. It is a 
casein-speci?c protease used to curdle milk for cheese 
making. The gene encoding the precursor of chymosin 
(prochymosin) has been constitutively expressed in L. lactis 
using the promoter and secretion signal sequence of the 
proteinase gene of S. cremoris strain SK11; this Work is the 
subject of European patent application number 882012032, 
?led on Jun. 13, 1988. The authors do not indicate the 
quantities of prochymosin produced in their expression 
strains of L. lactis but our inspection of the Western blots 
implies that the levels of expression obtained Were loW 
(estimated to be 0.2 mg/L supernatant). Only trace amounts 
of recombinant protein Were detected in Whole cell extracts. 

Perhaps the best comparison With our oWn Work is that 
Which has been carried out on the pAC protein (a surface 
antigen) of Streptococcus mutans7. This Was expressed in L. 
lactis by the introduction into L. lactis of a plasmid carrying 
the pAC gene Within a 6.2 kb Sphl-BamHl DNA fragment 
derived from S. mutans. No attempt Was made to control the 
expression of the gene. The yield of pAC protein in L. lactis 
Was approximately 0.2% of dry Weight, as compared to 1% 
in S. mutans. The pAC protein is secreted into culture 
supernatants of S. mutans to a level of approximately 5.5 
mg/L. Because the pAC protein as produced in L. lactis 
lacked its cell membrane anchor domain it Was anticipated 
that it Would be efficiently secreted. However, this did not 
occur, the ?nal yield of pAC protein in the L. lactis super 
natants approached the limits of detection. 

SUMMARY OF THE INVENTION 

One aspect of the present invention provides a method 
Which permits the high level regulated expression of heter 
ologous genes in L. lactis and the coupling of expression to 
secretion. 

In the examples herein We use the same t7 bacteriophage 
RNA polymerase and its cognate promoter used to develop 
the most poWerful E. coli expression system available8. The 
E. coli T7 system relies on the regulated expression of the 
fast RNA polymerase Which then acts speci?cally on its 
cognate promoter to transcribe the target gene. The T7 RNA 
polymerase transcribes RNA approximately 4—5 times faster 
than the E. coli polymerase and under optimum conditions 
the entire resources of the cell can be devoted to the 
production of foreign protein. The T7 RNA polymerase is 
indeed so ef?cient that it is necessary to tightly regulate its 
expression in E. coli, especially if the target gene product is 
likely to be detrimental to the host. In E. coli the RNA 
polymerase gene expression is regulated by use of the lac 
promoter and can be induced by lactose or the gratuitous 
chemical inducer IPTG. HoWever, it is often necessary to 
maintain these plasmids in host strains Which produce T7 
lysoZyme. This enZyme is able to inhibit the activity of the 
T7 RNA polymerase produced by ‘leaky’ expression in the 
absence of the inducer. 

It Was not obvious that the T7 polymerase system Would 
function in L. lactis With the ef?ciency We report since many 
dif?culties are commonly encountered in achieving high 
level gene expression in neW types of microorganisms. The 
expression signals identi?ed in Lactococcus shoW an organi 
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4 
sation Which is characteristic for Gram-positive bacteriag, 
suggesting that a heterospeci?c barrier to the expression of 
genes from Gram-negative organisms might be expected. 
Furthermore, rare codons in the genes of Gram-negative 
organisms10 are commonly used in L. lactis. This arises from 
a relatively loW G+C content11 and a strong bias for A or T 
especially in the third position of lactococcal codons. It 
seems reasonable therefore to assume that the codon com 
position is under strong selective pressure and that a poor ?t 
betWeen the codon bias of Gram-negative and Gram 
positive organisms Would also limit the levels of heterospe 
ci?c gene expression. A striking preference for the leucine 
CUU codon has been reported in L. lactis 12 and We have 
also noted a strong bias for the Gln codon CAA (51 of 52 
codons) in the lactococcal genes We have examined. 

HoWever, despite these considerations We have found that 
it is possible to develop an effective and regulated gene 
expression system in L. lactis by (1) placing expression of 
the T7 polymerase gene under the control of an inducible 
promoter derived from L. lactis and (2) directing secretion 
of the product by means of different secretion signal 
sequences of lactococcal origin. Aunique feature of one of 
our target vectors is that the DNA sequence promoting the 
initiation of protein translation has been modi?ed in such a 
Way that the expressed gene product is secreted 
co-translationally and is not detected in the cytoplasm. This 
has the advantage that heterologous gene products Which 
might be toxic to the cell or Which might be subject to 
degradation in the cytoplasm can be secreted directly into 
the groWth medium. 
The reference to “T7-like RNApolymerase” includes, but 

is not limited to, those contemplated for example in US. Pat. 
No. 4,952,496 (Studier et al.), Which mentions RNA poly 
merases from other T7-like phages, such as the T3 RNA 
polymerase. The important characteristics of a T7-like RNA 
polymerase are that there should be a cognate promoter 
Which is highly speci?c for the polymerase and Which is 
transcribed at a high level in the presence of the speci?c 
polymerase; so that transcription is not substantially effected 
by other polymerases in the cell, and can be controlled by 
controlling the expression of the speci?c polymerase. 

Another feature of our invention lies in the discovery that 
the heterologous expression product Which is retained intra 
cellularly is in a soluble and/or biologically active form, 
unlike the aggregated and insoluble form so often found for 
example in heterologous polypeptides expressed in E. coli. 
Thus, this aspect of the invention provides soluble and/or 
biologically active heterologous proteins intracellularly 
accumulated in L. lactis, Whether expressed in conjunction 
With a secretory expression system or not. In the latter case, 
the product can accumulate to remarkably high levels While 
remaining soluble and/or biologically active. Thus this 
aspect of the invention provides a valuable addition to the 
repertoire of techniques and materials available for recom 
binant DNA expression of biologically active proteins at 
useful levels. 

This leads to another aspect of the invention Which 
provides a novel approach to raising an immune response in 
an immunised subject since the immunogenically active 
protein can be delivered Within the protection of the host 
cell, and moreover a host cell Which is non-invasive and 
non-pathogenic, indeed a food-grade organism, Which opens 
up further possibilities for mucosal, especially oral, admin 
istration of vaccines. The immunogenically active protein 
thus expressed may be used in its oWn right to raise an 
immune response against one or more epitopes on the 
protein; or it may be used as an immunogenic carrier protein 


































